For the first time, the controlled ring-opening polymerization (ROP) of -thionocaprolactone (tnCL) is conducted. The organocatalytic ROP of tnCL occurs without carbonyl scrambling, leading to homo-poly(-thionocaprolactone) (PtnCL). The ROP by base catalysts alone is proposed to proceed via a nucleophilic mechanism, while the addition of an H-bond donating thiourea (TU) is shown to provide excellent reaction control. The increased reaction control provided by the TU occurs in the virtual absence of binding between tnCL and TU, and a mechanistic account for this observation is discussed. The monomer ring strain is measured and found to be similar to -valerolactone (VL). Copolymers with VL are synthesized, and the resulting analysis of the copolymer materials properties provides the only known physical characterizations of poly(thio(no)ester-co-ester)s.
INTRODUCTION
Over the last decade, developments in organocatalytic ring-opening polymerization (ROP) have demonstrated the remarkable ability of these catalysts to generate well-defined and highly functionalized polyesters and other polymers. [1] [2] [3] The H-bond mediated organocatalysts, which are a paragon of highly-controlled polymerization techniques, stand out in their ability to generate precisely tailored materials. [4] [5] [6] These catalysts are believed to operate by H-bond mediated activation of monomer by thiourea and of growing polymer chain by base. 7, 8 Given the remarkable control of these polymerization systems and the mild nature of their reactivity, the paucity of polymer backbone linkages which have been explored is surprising. The mild reactivity of organocatalysts for ROP perfectly position them for the generation of new polymer backbones and, hence, new materials and applications.
Our group recently disclosed the ROP of an S-substituted lactone, -thiocaprolactone (tCL). 9 The ROP of this monomer was postulated to proceed through a classic transesterification mechanism mediated by H-bond activation of thioester by thiourea and thiol end group by base. 9 The other S-substituted caprolactone, -thionocaprolactone (tnCL, Scheme 1), has been the subject of only two published reports. 10, 11 Under cationic polymerization conditions, the ROP of tnCL proceeds with quantitative inversion of substitution at the thionoester to generate the same poly(thiocaprolactone) previously reported by Overberger and our group. 9, 13, 14 The anionic ROP of tnCL from alkyllithium reagents retains the S-carbonyl substitution, but reaction control suffers, and this method does not allow for Mn control, copolymerization or end group selection. 10 Partial inversion of substitution occurs with weak nucleophiles, resulting in a mixed polymer backbone.
Polymerization conditions which result in inversion of S/O substitution are postulated to operate via an Sn2 propagation, Scheme 1. 10 If the chain end/monomer activation mechanism of H-bond mediated ROP of tCL is correct, we reasoned that organocatalytic ROP of tnCL should allow for the retention of the S/O substitution and controlled-generation of homo-poly(thionocaprolactone).
Scheme 1.
Endo's anionic and cationic ROPs of tnCL have been shown to proceed with S/O scrambling.
RESULTS AND DISCUSSION
Organic Base Catalyzed ROP. The organocatalytic room temperature ROP of tnCL initiated from alcohol or thiol initiators proceeds with retention of the S/O substitution. The-thionocaprolactone (tnCL) is generated from -caprolactone (CL) via a one-step reaction with P4S10 (see Experimental Section); the reaction is workable on at least a 2 g scale (75% yield). 15, 16 The application of DBU (5 mol%; Table 1 ) to a C6D6 solution of tnCL (2M) and octadecylthiol (1 mol%) results in 90% conversion to polymer in 25 h. 13 C NMR analysis of isolated tnCL suggests quantitative retention of the thiono-substitution, forming poly(-thionocaprolactone) (PtnCL), see
Supporting Information (SI, Figure S8 ). The room temperature application of DBU for the ROP of tnCL from benzyl alcohol results in a linear evolution of Mn versus time and an initially narrow Mw/Mn that broadens throughout the ROP, Figure 1 . The guanidine bases, MTBD and TBD, were also applied for the ROP of tnCL. MTBD exhibited a similar activity in the ROP of tnCL to that of DBU whereas TBD effected a faster but less controlled ROP, resulting in erosion of Mw/Mn, Table 1 .
PtnCL was previously only available through the application of alkyllithiums at elevated temperatures which resulted in the uncontrolled ROP of tnCL. 10 Endo's ROP of tnCL initiated from DBU at elevated temperatures was more controlled than the alkyllithium ROP but resulted in scrambling of the S/O substitution, Scheme 1. 10 13 C NMR analysis of the polymer resulting from the repetition of our DBU-catalyzed ROP experiment at high temperature (1 eq. tnCL, 5 mol% DBU, toluene, 100 o C) in the presence of an alcohol initiator reveals that S/O scrambling does occur (see SI, Figure S9 ), which suggests that the thiono/thio switching observed by Endo 10 is simply due to heating the reaction solution. (Table 2) , although polymers begin to become insoluble in benzene at elevated molecular weight (Mn ≥ 22,000). The ROP reaction proceeds in methylene chloride and chloroform but experiences reduced reaction control. Despite the narrow Mw/Mn, the GPC traces taken throughout the polymerization show the gradual growth of a high molecular weight tail, resulting in slight erosion of Mw/Mn, see Figure   S2 (SI) and Figure 1 . 13 C NMR analysis of the isolated polymer confirms the quantitative retention of thiono-ester moieties, and the MALDI-TOF mass spectrum is consistent with linear benzyl alcohol terminated PtnCL, see Figure S1 . When initiated from 1-pyrenebutanol, the refractive index and UV GPC traces of PtnCL overlap, including the high molecular weight tail, see Figure   S2 , suggesting end group fidelity. When allowed to stir past full conversion, the high weight tail on the GPC trace grows in prominence and eventually merges with the 'main' polymer peak, see SI ( Figure S2 ). The high molecular weight tail in the GPC trace arises from an unknown post polymerization reaction. 
Role of Thiourea in ROP.
The presence of the thiocarbonyl in tnCL was expected to perturb the ability of H-bond donors to activate the monomer for ROP, yet the addition of thiourea 1 to the ROP solution clearly affects the course of the reaction. An NMR titration study [20] [21] [22] was conducted in C6D6 to determine the binding constant between 1 and tnCL, Keq = 1.6 ± 0.2 (in eq 1). The comparable binding between CL and TU was measured to be Keq = 42 ± 5, 7 and a similarlydramatic perturbation from this latter strong binding value was previously measured for tCL, Keq = 2.7 ± 0.5. 9 The remarkable ability of 1 to activate tnCL and tCL towards ROP despite the weak binding exhibited by 1 towards these monomers suggests an incongruity in the approximation of 'magnitude of binding' as 'extent of activation.'
(eq 1)
The 8 an approximation of the kinetic bias of 1 for polymerization vs depolymerization (or transesterification) is at most the magnitude of the 1/monomer binding constant, Keq = 1.6, or G ≠ = 0.27 kcal/mol, see Figure S7 . This would only be true if 1 activates s-cis and s-trans esters equally. Indeed, DFT (B3LYP/6-31G**) calculations suggest that 1 is equally effective at the activation of (i.e. increasing the electophilicity of) 10 CL, tnCL, tCL, methyl thionoacetate and methyl acetate. For these compounds, both the electrostatic charges at carbon (C=X) and polarity of the C=X bond increase by ~5-10% upon the binding of 1, see Figure S15 . The effects rendered by 1 upon ROP must then be due to interactions in the transition state that are not adequately reflected in the magnitude of the binding of 1 to monomer (vs polymer) in the reactants/products.
The increased reaction control provided by 1 during the ROP of tnCL could arise from the suppression of transesterification events due to prominent secondary interactions (e.g. 1 to base cocatalyst). 5, 22 These results suggest that despite minimal binding to tnCL (or tCL), the H-bond mediated ROP of tnCL is operative by dual activation of monomer by 1 and of chain end by base, Scheme 3. at elevated temperatures. 10 Kinetically, tnCL is more reactive than VL. VL will not undergo ROP in the presence of MTBD or DBU alone (no 1), and the increased reactivity of tnCL (vs VL) is attributed to the increased electophilicity of thionoesters (vs esters). In contrast, the thioester, tCL, was observed to exhibit behavior that is both more and less reactive than VL. Polymers with increasing tnCL content show predictably reduced Tm, Tc and Tdeg, Table 3 . The hydrolytic stability of copolymers was measured under basic, acidic and neutral conditions by established methods, 25 Figure 2 . Increased tnCL content in copolymers with VL is associated with reduced hydrolytic stability under basic conditions, increased stability towards hydrolysis under acidic conditions and minimally altered stability in neutral water. These observations are consistent with general trends of thio(no)ester stability. 12 To our knowledge, these are the only known characterizations of poly(thionoester-co-ester)s. between 1 and tnCL was determined in benzene-d6 by the titration method and curve fitting as previously described. [20] [21] [22] The Keq values were determined by fitting the binding curve to the quadratic form of the binding equation with Keq and  as variables: shaken on a rotary shaker for the duration of the study. To take a data point, the solutions were removed via syringe, and the polymer samples were rinsed with minimal distilled water (~1 mL).
After removing the distilled water via syringe, the vials were put in a vacuum oven overnight (60°C, 30 inches Hg vacuum). The vials were cooled and weighed. Percent mass loss is given by masso-massi/masso. The same steps were repeated over a three-week period at different intervals.
Computational Methods:
Computational experiments using Endo's methods 10 were performed in Spartan '14 (Windows 7). Structures were geometry optimized at the DFT B3LYP/6-31G* level of theory in the gas phase. Energies and electrostatic charges in toluene solvent were calculated as Single Point energies (DFT B3LYP/6-31G**) from the DFT-optimized structures.
Energies, electrostatic charges, computed structures and coordinates of optimized structures are given in the SI ( Figure S15 ). 
